Paleomagnetism of the Snoqualmie Batholith Central Cascades, Washington by Beske, Suzanne J.
Western Washington University
Western CEDAR
WWU Graduate School Collection WWU Graduate and Undergraduate Scholarship
Summer 1972
Paleomagnetism of the Snoqualmie Batholith
Central Cascades, Washington
Suzanne J. Beske
Western Washington University
Follow this and additional works at: https://cedar.wwu.edu/wwuet
Part of the Geology Commons
This Masters Thesis is brought to you for free and open access by the WWU Graduate and Undergraduate Scholarship at Western CEDAR. It has been
accepted for inclusion in WWU Graduate School Collection by an authorized administrator of Western CEDAR. For more information, please contact
westerncedar@wwu.edu.
Recommended Citation
Beske, Suzanne J., "Paleomagnetism of the Snoqualmie Batholith Central Cascades, Washington" (1972). WWU Graduate School
Collection. 770.
https://cedar.wwu.edu/wwuet/770
PALEOMAGKETISM OF THE
SNOQUALMIE BATHOLITH,
CENTRAL CASCADES, WASHINGTON
A Thesis
Presented to
the Faculty of
Western Washington State College
In Partial Fulfillment
of the Requirements for the Degree
Master of Science
ty
Suzanne J, Beske
July 1972
MASTER'S THESIS
In presenting this thesis in partial fulfillment of the requirements for a master's degree at Western 
Washington University, I grant to Western Washington University the non-exclusive royalty-free right to 
archive, reproduce, distribute, and display the thesis in any and all forms, including electronic format, 
via any digital library mechanisms maintained by WWU.
I represent and warrant this is my original work and does not infringe or violate any rights of others. I 
warrant.that I have obtained written permissions from the owner of any third party copyrighted 
material included in these files.
I acknowledge that I retain ownership rights to the copyright of this work, including but not limited to 
the right to use all or part of this work in future works, such as articles or books.
Library users are granted permission for individual, research and non-commercial reproduction of this 
work for educational purposes only. Any further digital posting of this document requires specific 
permission from the author.
Any copying or publication of this thesis for commercial purposes, or for financial gain, is not allowed 
without my written permission.
Name: u Z~Il v\ n
Signature:
PALEOMAGIffiTISM OF THE 
SNOQUALMIE BATHOLITH, 
CENTRAL CASCADES, WASHINGTON
by
Suzanne J, Beske
Accepted in Partial Completion 
of the Requirements for the Degree 
Master of Science
Advisory Committee
Chairman
PALEOMAGI'IETISM OF THE SNOQUALMIE BATHOLITH
CENTRAL CASCADES, V;ASHINGT0N
ABSTRACT
Paleomagnetic results have been obtained from eight sites in the 
Miocene (15-18 m.y.) Snoqualmie batholith. Central Cascades, Washington. 
After ac magnetic cleaning, four magnetically stable sites remained, 
yielding a pole at 221.0*^, 84,5°N, (6p=7,9,Sin=9,3, k=286,A), A stability 
test was forniilated based on the ratio of the intensity of natural remanent 
magnetism, NRM, (after ac demagnetization) to the weak field susceptibility 
This ratio, proved effective in determining magnetically stable samples 
from samples showing a wide spectrum of stability from v;ithin the Snoqual­
mie batholith, and therefore, was strictly applied to all samples. Experi­
ments with saturation isothermal remanent magnetism indicated that stable 
HRI-I is dominated by magnetic grains with single domain characteristics, 
Paleomagnetic results from the 25,0-26.5 m.y. Grotto batholith (Beske et al 
1972) were combined with data from the Snoqualmie batholith to give a Mio­
cene pole for the Central Cascades at 208,5°E, 85,5°N, (£p=^.5,Sjji=5.4, 
k=360,4). These poles show no large scale tectonic rotation or transla­
tion of the Central Cascades since the Miocene when compared with other 
Miocene poles from North America, This suggests that the post-mid-Creta- 
ceous movement postulated by Beck and Noson (1972) for the Central Cascades 
relative to the North American craton ceased by the Miocene. Furthermore, 
this data does not support the post-Miocene rotational movement of the 
Nevadan tectonic zone postulated by Watkins (1965b),
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INTRODUCTION
Purpose
This investigation »as an attempt to obtain a virtual geomagnetic
pole tor the Miocene from the age dated Snogualmle bathollth in the Cen­
tral Cascades, Washington. The data obtained .as to be used to test for
relative movement between blocks .Ithln the bathollth by comparing data
from separate sites. Likewise, rotation between the bathollth and the
surrounding region was to be tested by comparing the Snoqualmie data with
that fro. the lower Miocene Grotto bathollth located north of the Snoqual-
nie batholith.
It was reasoned that If no rotation was Indicated, data from the
snoqualmie and Grotto bathollths could be combined to give a Miocene vir­
tual paleomagnetlc pole for the Central Cascade region. The pole so ob­
tained could then be compared with other Miocene poles from North America
to determine whether any relative rotation or translation may have occurred.
This information would be particularly valuable in light of the suggestion
by Beck and Iloson (1972) that the Central Cascade area had moved GO degrees
north relative to the North American craton since the Cretaceous In that
it would indicate whether movement had ceased by the Miocene.
Previous V/ork
Previous paleomagnetic work in the Central Cascades consists solely
of recent studies on the Cretaceous Mt. Stuart and Becl^er Peak plutons by
Beck and Noson (1972) and on the Miocene Grotto batholith by Noson (Beske
et al., 1972). The purpose of their work is to compare paleomagnetic
directions obtained from the Central Cascades with mean Cretaceous and
Miocene poles for North America. An abstract by Beske et al. (1972) of
the work in progress in Cretaceous and Miocene intrusions into the Central
Cascades is included in Appendix 3.
Geologic Setting
The Miocene Snoqualnie batholith is exposed just west of the crest
of the Cascade Hange, 64 kilometers east of Seattle, This intrusion is
composed predominantly of granodiorite but contains minor phases of quartz
oonzonite and aplite, and gabbro and diorite (Erlkson, 1968), There is no
clear petrological distinction between samples from the Snoqualmie batholith
and surrounding Tertiary intrusions, and they were thought to be the same
unit until radiometric age dating revealed their separate histories, K-Ar
ratios on biotites from the Snoqualmie batholith yielded an age of 18 m,y,
(Baadsgaard et al,, 1961) and 17 i 0,7 m,y, (Ctirtis et al«, 1961), while
an apatite fission track date gave an age of 15,5 t 1,5 m,y, for the Sno­
qualmie batholith (Erikson, 1968), The Snoqualmie batholith was mapped
smd described in detail by Erikson (1968, 1969),
Misch (1966) described the complex geology of the central and north­
ern Cascades which is briefly summarized below, Pre-Jtirassic rocks in the
Central Cascades consist of raetamorphic equivalents of oceanic suites, 7/ith
complex structures that trend northwest-southeast (Misch, 1966), During
the middle Cretaceous large sheets of slightly metamorphosed Paleozoic
volcanic and sedimentary rocks were thrust over late Permian (?) metamor- 
phiCE, After thrusting, the granitic core of the present Cascades was em­
placed in two distinct episodes. The older granitic complex includes the
94-83 m,y, old Mt, Stuart batholith and Beckler Pealc Stock, The younger
granitic intrusions were formed 48-13 m,y, ago, and are capped by andesitic- 
volcanic rocks erupted during the same time period. Age dates suggest that
these granitic rocks were added to the core of the present Cascades during
much of the Cenozoic (Yeats, 1970), The present Cascades were formed by
uparching in the late Pliocene,
2
Figure 1, Index and Geologic map of the Snoqualmie and Grotto
batholiths. Modified from the Geologic map of Wash­
ington (Huntting et al., 1961),
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EXPERIMENTAL METHODS
A total of 105 samples were collected at 8 sites from two intrusive
phases of the Snoqualmie batholith (Fig, 1), Ten to sixteen cores were
drilled and oriented situ at each site except for site 7 v/here oriented
hand samples v/ere taken. Back azimuths were taken on a person some dis­
tance away from the outcrop. This served as a check on the possibility
that the outcrop was magnetic enough to deflect the compass and thus in­
troduce error into the orientation process. Magnetism of this strength
could be caused by a lightning strike (Irving, 196A, p, 100). When decli­
nation errors were found, the azimuths of the affected samples were cor­
rected accordingly,
Irving (1964, p, 102) suggests that a statistically valid site
should contain at least five samples. Granitic rocks have been shown to
be sporadically unstable (Spaill, 1970; Symons, 1971), therefore, to insure
an adequate number of stable specimens, a large number of samples were
taken at each site.
When it became evident that some samples of the Snoqualmie grano- 
diorite were indeed unstable, an attempt was made to get a reliable
direction from the intrusion by (1) taking more samples at new sites, and
(2) returning to old sites to obtain more samples. In each case when
additional samples were taken from unstable sites, the extra samples also
proved to be unstable (Appendix 2),
Data Collection
One or two specimens 2,4 centimeters long v;ere cut from the least
weathered portion of each core. The intensity and direction of the
natural remanent magnetism, NRM, and the susceptibility were determined
for all specimens, A detailed description of the experimental procedures
is contained in Appendix 4, Experiments also were undertai^en to deter-
5
mine mineral composition and domain structure of the grains carrying the
stable remanent magnetism.
All specimens were subjected to alternating field demagnetization.
This demagnetization process is designed to remove the component of mag­
netism which may have been acquired since the rock cooled through its
Curie temperature. Much of this is viscous remanent magnetism, VRM,
caused by thermal agitations affecting the low coercivity portion of the
magnetism, which produces a remanent magnetism biased in the direction
of the Earth’s magnetic field (Irving, 196A, p.32). This VRM does not
reflect the direction of magnetism at the time the rock formed, and
therefore, masks the original, component. The demagnetizing process
utilizes the low coercivities of the secondary component of magnetism
when randomizing them. Theoretically, if the specimen is tumbled ran­
domly in a slowly decreasing alternating magnetic field, the secondary
component with coercivities less than the initial maximum field will be
randomized and the primary stable component will remain. In practice,
the motion of the three axis tumbler is not random, the alternating field
may not decrease steadily, and the presence of the Earth's magnetic field
may add a spurious component of magnetism if it is not completely nulled.
Consequently, the defects inherent in the cleaning process leave a non- 
randomized component, v/hich if large enough, can mask the direction of
the primary magnetism (Watkins, 1967). If these imperfections did not
exist, it still would be statistically Impossible to completely randomize
a large secondary component of magnetism to zero (Irving, 1964, p,95).
Specimens with low average coercivities are affected to a greater
degree by any imperfections in the demagnetizing process. Granitic rocks
are noted for their low coercivities, and therefore to reduce inaccuracy
all specimens were cleaned twice at the same level, once with the +z axis
oriented into the tumbler and again at 180 degrees to this direction.
6
Figure 2, Equal area plots of NH['I directions before ac demagnetiza­
tion, Data from Appendix 2, Open figures in upper hemis­
phere, closed figures in lower hemisphere. Squares indicate
samples which were determined unstable by stability
criteria.
7
UICIiBLS
S
Figure 3. Equal area plot of ITEM directions after ac demagnetization.
Data from Appendix 2, Notation as in Figure 2,
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Figure 4, Equal area plot of the site-mean directions of the Sno- 
qualnie batholith. Solid figures in lov/er hemisphere,
open figures in upper. Circles are confidence inter­
vals and are the ninety-five percent confidence level.
0 site mean directions from this investigation.
Data from Table 1,
site mean direction deleted by stability cri­
teria,
mean direction of the remanent magnetization.
13

Site Lat,, North Long,, East
1 81.6 190.7
3 78,1 190.6
4 79.6 290,6
5* 58,1 196,3
6 88.5 234,7
Mean
Site-pole 84.5 221.0
*Site 5 was not used in mean site-pole calculation
Table 3, Results of pole position calculations using site-mean directions
(O
Figxire 5 Northern hemisphere projection showing the virtual geo^
magnetic pole positions for the Snoqualmie batholith.
Data from Table 2 and Appendix 3,
0 poles calculated from site-mean directions,
% pole calculated from site-mean direction deleted
from mean-site pole calculation .by Q stability
criteria, °
^ mean site pole with circle of ninety-five percent
confidence level,
0 sampling site
16
180®
Thle practice served to identify the low coercivity specimens, as the
angular difference between their directions at the same cleaning level
was quite large (Watkins, 1967), The directions were then averaged to
provide a more reliable estimate of the primary magnetism. Results of
the data reduction are given in Appendix 2 and shown in Figures 2 and 3,
Site 7 was not completely cleaned for two reasons: (1) the speci­
mens were weakly magnetized and although apparently stable did not give
consistent directions between>specimens, (2) although the site was mapped
by Erikson (1968) as part of the Snoqualmie batholith, Plummer (1964)
refers to this site as a daclte porphyry. Site 7 was excluded from the
following discussion but was Included in Appendix 2.
Using the stable samples, a mean direction was calculated for each
site listed in Tables 1 and 2, and illustrated in Figure Paleomagnetic
poles calculated from the site-mean directions are shown on Figure 5 eind
listed in Table 3, Figure 6 also shows the mean pole position calculated
by assigning each site-mean direction a unit weight and applying Fisher
statistical analysis (Irving, 1964, p,53-71), This pole is the best
estimate available of the paleomagnetic pole for the Snoqueilmie batholith.
Stability Criteria
EeLTly in this study it became apparent that rocks of the Snoqualmie
batholith showed a great range in magnetic stability. Some specimens fail­
ed to give consistent readings even at a 50 oe cleaning level, while others,
particularly the diorites, were stable to over 700 oe. The great variation
in stability found here is not uncommon in granitic rocks (Spall, 1970;
Merrill, 1969; Beck and Noson, 1972),
In order to avoid subjective judgements, it v/as necessary to adopt
arbitrary stability criteria to distinguish stable specimens from unstable,
A stable specimen is that specimen which still holds a measurable record
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of the direction of the geomagnetic field at the time the rock was formed.
In this case, after magnetic cleaning, the specimens should give the direc­
tion of the magnetic field during the time the Snoqualmie batholith cooled
below its Curie temperature. The ability to measure this high coercivity
stable component in the rock depends upon the amount of low coercivity
component present. The relative amount of this low coercivity component could
be determined by evaluating the reaction of the specimen to alternating field
demagnetization. Therefore, characteristics of stable specimens were chosen
which indicated a relatively small amount of this low coercivity component.
These characteristics were: (1) minimum change in direction at successive
levels, (2) a small decrease in intensity at successive levels, (3) exis­
tence of a stable end point, and (4) repeated measurements at the same level
that give approximately the same direction. Unstable specimens theoretically
should have had the opposite characteristics because of a large low coerci­
vity component, Semiquantitative criteria v/ere also established as objective
tests for stability, as discussed below.
Specimens with directions of magnetization at the same cleaning level
v/hich differed considerably were considered to have a large spurious component
which could not be averaged out by the two measurements (Doell and Cox, 1967b;
Watkins, 1967), The angular difference is referred to as , Specimens from
the Snoqualmie batholith whose directions were over 15 degrees apart were re­
jected as probably unstable. This criteria distinguished the extreme of the
coercivity spectrum but was unable to distinguish those samples with marginal
stability.
Another measure of the coercivity spectrum used in this study was the
value Jci/Jq v/here is the magnetic Intensity of the natural remanent magne­
tism before ac cleaning and is the intensity after cleaning at the
optimum cleaning level. If the specimen is composed largely of coer­
civity components less than the optimum cleaning level, the value
19
of J /J will be small, whereas if the coercivity spectrum is high, the
d o
value will be large. Therefore, specimens with a low value of would
tend to be unstable and those with a high value would be stable. Excluding
site A (see below), this ratio correlated well with the qualitative evalu­
ations of stability within a site, but did not correlate between sites
with the same optimum cleaning level. The value of which a speci­
men was considered stable varied from site to site (Appendix 2), A parti­
cular value could not be selected for each site because of the lack of an
adequate nximber of samples, but a general value was selected using the
qualitative criteria outlined above,
Coercivity has been shown to increase with decreasing grain size
(Nagata, 1965; Larson and Strangway, 1969; Strangway et al,, 1968), If
the magnetic intensity after ac cleaning (J^j) depends on the amount of
single domain grains, while the magnetic intensity before cleaning (J^)
depends upon the amount of both multi and single domain grains, then the
ratio J,/J would depend on the ratio between multi and single domain
d 0
grains. This argument assvunes that such factors as composition of mag­
netic grains are constant at a site. Since multidomain grains have low
coercivities and tend to be unstable magnetically, a lov; value of J^/Jg
would Indicate a large amount of multidomain grain carriers, and therefore,
would correlate v/ith instability. This discussion applies to specimens
whose low and high coercive components are in approximately the same
direction before cleaning. If the direction of the viscous component,
which is presumably made up of multidomain grains, is opposite the high
coercivity stable direction (such as in a specimen whose original direc­
tion is reversed), the vectors will subtract, consequently v;ill be
smaller and the ratio J ,/J v/hich determines a stable specimen will be
do
larger.
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As a first approximation, the amount and composition of magnetic
material should remain relatively constant throughout a site with homoge­
neous rock type, but change from site to site. Because the high coerci- 
vity component determines stability, the amount of low coercivity material
does not affect the stability unless it is so large and soft that it cannot
be completely randomized by the demagnetization process. Therefore, the
ratio would be proportional to the ratio of the amount of high
coercivity magnetic minerals over the total amount of magnetic minerals in
a rock. If the amount of high coercivity component needed for a stable
specimen remains relatively constant between sites, but the total amount
of magnetic material changes, then the ratio Jd/Jo which indicates a stable
specimen should also change. Perhaps the great degree of variation in
Jd/Jo site 4 could be a product of its variable lithology indicated by
abundant inclusions and color gradations at the outcrop. Therefore, varia­
tion in rock type might be accompanied by a change in the type, size, and
amount of magnetic material which altered the ratio indicative of a
stable specimen.
Another ratio often used as an indicator of stability is the
Koenigsberger ratio:
Q*
X
where X is the susceptibility (Koenigsberger, 1938), The Q* ratio did not
correlate with the stability of the Snoqualmie granitic rocks as can be
seen in Appendix 2,
The two proceeding ratios were combined to form the ratio which
correlates extremely well with stability.
X
This ratio has been used previously by Wilson et al, (1968), Specimens
21
Figure 6 Semi-log plot showing the relationship between and
ratio J^/x where is the NRM intensity
at optimTun cleaning level and X is the
susceptibility,
angular deviation betv/een NRM directions
for specimens measured at the same clean- 
level, usually 150 or 200 oe.
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with Qd ratio below ,190 showed characteristics indicative of unstable
specimens (p, 19) , v/hile those above ,220 showed stable characteristics
and were used in pole calculations. Specimens with values between ,190
and ,220 were checked using other stability criteria, especially A°, As
can be seen in Figure 6, it is in this range of values (,190-,220)
where the angular difference between directions of a specimen measured
twice at the same cleaning level increases drastically, V/hen was ap­
plied to each specimen, site precision parameters improved markedly even
after all the other stability criteria had been applied (see Figure 3),
Thus Qd proved to be a reliable semi-quantitative measure of the stability
of specimen as indicated by the subjective and objective stability criteria
mentioned above, was therefore established as the primary criterion for
magnetic stability. This ratio is discussed further on page 33.
Reliability
Fisher statistics were used to determine the reliability of indivi­
dual sites. The first requirement for a reliable site is that it should
have enough samples to be statistically valid, Irving (1964, p,102)
recommends five stable samples from each site. Sites 2 and 8 v/ere con­
sidered unreliable because neither contained enough samples which passed
the stability tests, A second reliability test applied to individual sites
is one suggested by Irving (1964, p,102) who states that any mean with a
radius of a circle of ninety-five per cent confidence level greater than
25 degrees should be discarded as an imprecise estimate of the paleomagne- 
tic field direction, Watson (1955) suggests a third test for reliability.
This test involves comparing R, the length of the resultant of N vectors,
with N itself, A table calculated by Watson (1955) gives the minimum value
of R for a given N below which randomness of the vectors cannot bo dis­
proved, Values for both 95 and 99 per cent confidence level are given.
24
Every site, except 2 and 8 mentioned above and site 5 mentioned below,
passed the reliability tests after the stability criteria were applied
to all specimens.
In the case of site 5, the stability test seemed to be more
stringent than the reliability tests. At this site the ratio indicated
that most of the specimens should be considered unstable, but the statis­
tics gave no indication of unreliability. There are other factors which
point to the instability of the specimens of site 5, The KRl-I directions
before cleaning were clustered around the present normal geomagnetic pole,
while after cleaning the directions became reversed, indicating the pre­
sence of a large secondary component. This behavior also indicates that
a large, low coercivity component of remanent magnetism is present in the
specimens of site 5, and suggests that the ac demagnetization process has
not been successful in completely isolating the high coercivity direction.
For this reason, site 5 was not included in the calculation of the site- 
mean pole for the Snoqualmie batholith. Figure 5 shov/s that the pole for
site 5 deviates markedly from the mean pole for the Snoqualmie batholith.
Determination of Effective Grain Size
High stability has often been attributed to single domain carriers
of the magnetization in a rock (Nagata, 1965; Strangway et al,, 1968;
Dunlop, 1968), Lov/rie and Fuller (1971) have devised an experiment to
distinguish magnetization dominated by single domain grains from magnetism
dominated by multi-domain grains. In single domain carriers the saturation
isothermal remanent magnetization, IRM, is relatively less stable than the
thermal remanent magnetization, TRM, acquired in a weak field. In a
multi-domain carrier the saturation IRM is relatively more stable than
v/eak field TRI-I, Since natural remanent magnetization, NRM, in igneous
rocks can be assumed to be TRM produced in the Earth's relatively v/eak
25
Figure 7a,7b,7c,7d, Semi log plot comparing the stability of
the natural remanent magnetism, NRI-I, and
the saturation isothermal remanent magne­
tism, IRl-I, to ac magnetic cleaning,
J intensity of magnetization at that
particular cleaning level,
Jq intensity of magnetization before
cleaning.
26
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magnetic field, IJRM can be substituted in experiments for weak field TRM
(Lowrie and Fuller, 1971).
In order to determine the domain size of the carriers of magnetism
in the samples from the Snoqualmie batholith, fourteen specimens repre­
senting the spectrum of stability were magnetized to saturation in a 7,5
kilogauss magnetic field. They v;ere then cleaned in an alternating
magnetic field at regular intervals to 1800 oe. Figure 7 shov/s the
demagnetization curves of the NRI'I compared with the ISM curves for repre­
sentative samples. Above 600 oe the graphs show similar characteristics.
The IKi is more stable than the NSM in the samples classified by the
stability criteria as unstable. This indicates that the dominant carriers
of the magnetic moment in the unstable specimens are multidomain. In
those specim.ens defined as stable, the NEM is relatively more stable than
the saturation IRM, and therefore, the dominant carriers of the stable
magnetism show single domain characteristics, ,
Petrology
An effort v/as made to correlate magnetic characteristics with
petrologic characteristics. Fourteen specimens with a wide range of
magnetic stability were chosen for thin section analysis. Petrographic
study concentrated on the characteristics which seemed likely to corre­
late with differences in the content, grain size, mineralogy, etc,, of
the magnetic oxide fraction of the rock (Appendix 1), The presence of
hornblende which contained small opaques seemed to show a correlation with
magnetically stable rocks. For instance, in the two thin sections from
site 2, which were magnetically unstable, the hornblende had been almost
completely altered to biotite and chlorite. In site 1, the stable sample
showed evidence of more unaltered hornblende than did the unstable sample.
This correlation is subjective but indicates that an investigation into
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the magnetic properties of the opaques contained in the hornblende gradns
might be useful. Such an experiment has been done by Evans, et al. (1968)
on magnetito-bearing pyroxene grains in a gabbro intrusive, but is beyond
the scope of this investigation.
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DISCUSSION
Evaluation of Stability Criteria
There proved to be a wide range of stability in the Snoqualmie
batholith. The stability criteria, which were established to distinguish
unstable samples, also minimized dispersion at the sampling sites and be­
tween sites. Since large multidomain opaque grains are associated v/ith
unstable components, and small single domain grains with stable compo­
nents (Strangway et al«, 1968), the stability criteria used must estab­
lish the relative proportion of these components. The possible reasons
for the. differing success of the stability criteria used in this research
is discussed below and on pages 18 to 25.
The ratio v/hich proved most useful was Q^. If susceptibility is a
measure of the extremely low coercivity component (less than .45 oe), then
Qd (Jd/^) distinguishes unstable specimens by its ability to measure the
ratio of very low coercivity to high coercivity magnetism. In other
words, Qd is able to distinguish those specimens in which the low coercivity
component, which has not been randomized by the demagnetizing process, is
so large relative to the primary stable component, that the nonrandomized
component deflects the primary magnetism significantly from its original
direction.
The test established by Fuller and Lowrio (1971) to distinguish the
domain structure of magnetic minerals \7hich carry the magnetism in the rock
supports the supposition that the stable component of magnetism in the
specimens from the Snoqualmie batholith is dominated by grains with single
domain behavior. Saturation IRI"I is less stable than IIFM in the samples
defined as stable, while the reverse is true for unstable specimens (see
Figure 7). Thus, magnetism in the stable specimens is dominated by single
domain carriers and that of unstable specimens by multidomain carriers.
33
This conclusion substantiates the ability of the stability criteria, es­
pecially Qjj, to differentiate those samples whose NRM is dominated by
graiins showing single domain characteristics (the stable specimens) with
those showing multidomain characteristics.
Correlation of Reversals with Intrusive Phases
Both normal and reversed polarities of remanent magnetism are
present within the Snoqualmie batholith, indicating that the field chang­
ed polarity at least once v/hile the batholith was cooling past its Curie
temperature, V/hether the direction of the change was from normal to
reverse polarity or from reverse to normal cannot be determined from the
available evidence.
As seen by comparing Figure 4 and Appendix 1, polarity does not
correlate with intrusive phase. For example, sites 3 and 4 are both lo­
cated in the gabbro and diorite phase but are of different poleirities.
There are also both polarities in the granodiorite phase (see Figure 1),
This discrepancy could be evidence for more than one reversal of the
geomagnetic field during the cooling of the granodiorite, or more likely,
it could be due to a possible multiple intrusion of both the granodiorite,
and gabbro and diorite phases, as suggested by Erikson (1968), Reheating
of the surrounding diorites and gabbros is very probable, considering the
evidence of intense metamorphisra by younger intrusions observed by Erikson
(1968), coupled with evidence of partial recrystallization evident at
sites 3 and 4 (See Appendix 1) Therefore, reheating could also be a cause
of an apparent reversal. The lack of correlation between polarity and the
distance into the intrusion coiild also be explained by these causes, be­
cause it indicates that the batholith did not cool simply from outside to
center. Finally, there is a possibility of a self reversal (Merrill et al,
1969) but this is considered unlikely.
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Comparison of Snoqualnie Pole with other Miocene Poles
A pole at 221,0°E, 84,5°N was obtained for the Snoqualmie batho- 
lith (Figure 6). If the dipole offset calculated by V/ilson (1971) is
applied to this pole, the pole would be moved 3 or 4 degrees towards the
Snoqueilmie batholith. This correction would increase the distance be­
tween the Snoqualmie Miocene pole and the present geographic pole.
It can be seen in Figirre 6 that there is little dispersion be­
tween the sites. This low dispersion minimizes the possibility of large
scale tectonic rotation within the batholith. This can be contrasted
with the Idaho batholith where tectonic rotation within the batholith
has been so prevalent since its intrusion that no conclusions could be
made regarding the geomagnetic field at the time of its formation (Beck,
1972, personal communication).
Figure 8 shows the Snoqualmie pole and other mid-Tertiary poles
of North America, Their close proximity indicates that the Snoqualmie
paleomagnetic pole can be considered a Miocene paleomagnetic pole for
North America, It also indicates that there has been no discernable ro­
tation or translation of the Snoqualmie batholith or the Central Cascades
relative to the rest of North America since the Miocene,
T/atkins (1965b) proposed that paleomagnetic data from the Columbia
Plateau basalts v/ere consistent with the orocline concept proposed by
Ceirey (1958), in that they suggested a clockwise rotation of the basalts
in the southern portion of the proposed orocline since the Miocene (Figure
9 ), with no rotation in the central portion, Reitman (1966) noticed no
such angular variation in his directions from the Late Yakima flows when
they were traced west to east across the plateau, Reitman concludes that
any rotation of the proposed orocline must pre-date the Miocene Late
Yakima flows. Our data suggest no post-Miocene movement for the northern
35
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General geologic nap of the Pacific Northv/est illustra
ting the relationship of the Snoqualmie batholith to
the Nevada tectonic zone (modified from V/atkins, 1965b

portion of the Nevaden orocline. The Central Cascades are located on
the northern limb of the orocline (Figure 9) and presumably the rota­
tion of the declination of paleomagnetic data affected should be counter­
clockwise. However, the directions of the magnetism from the Snoqualmie
batholith show no sign of the rotation needed. The Snoqualmie pole falls
in the cluster of Watkin's data from the Columbia Plateau, suggesting
that the angular variations found in some lavas from the Columbia Plateau
may be due to geomagnetic field variations. This is also a possibility
suggested by Watkins (1965b).
The data from the Snoqualmie batholith were combined with the three
sites determined by Noson from the lower Miocene (25.0-26.5 m.y.) Grotto
batholith (Beske et al., 1972) to obtain a Miocene paleomagnetic pole
for the Central Cascades, Washington at 208.5°E, 85.5°N (6p=4.5,g^=5.4,
o<95=3.2, k=360.4). This site-mean pole is plotted in Figure 10 with
the oval of ninety-five percent confidence. This new Miocene pole for
the Central Cascades is statistically identical to that from the Snoqual­
mie batholith, but the circle of ninety-five percent confidence has been
reduced and the precision increased. The similar nature of the two poles
suggests that the conclusions made regarding the Snoqualmie paleomagnetic
pole could be made even more strongly about the Miocene Central Cascade
paleomagnetic pole.
Comparison with other Cascade Pole Positions
A Cretaceous paleomagnetic pole has been determined by Beck and
Noson (1972) for the Mt. Stuart and Beckler Peak intrusions located 16
to 32 kilometers east of the Snoqualmie batholith in the Central Cascades.
o o oTheir pole of 51.5 E, 68.5 N is 35 from the mean Cretaceous pole for
cratonic North America (69°N, 175°W, Figure 11). Beck and Noson (1972)
suggested that the Central Cascades were part of a separate plate
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Figure 10, Northern hemisphere projection showing the me am virtual
geomagnetic pole position for the Central Cascades,
# Snoqualmie batholith site-mean poles
^ Grotto batholith site-mean poles
B site locality
^ meau site-pole for Central Cascades with circle
of ninety-five percent confidence level.
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and have moved 30 degrees north since the Cretaceous relative to the North
American craton. The data from the Snoqualmie batholith suggest that if
this were true, the plate became welded to the North American plate by
the Miocene, The anomalous Cretaceous pole, however could also have re­
sulted from a tectonic rotation of 30 degrees up to the north along a
horizontal east-west axis. Beck and Noson (1972) did not favor this
possibility because of the great magnitude of structural relief it v/ould
entail. If tectonic rotation v/ere the cause of the anomalous pole, our
data suggest that it was pre-Miocene,
43
Figure 11, Northern hemisphere projection showing the mean paleo- 
magnetic pole position for the Central Cascades, ’/Wash­
ington relative to the Cretaceous poles from the Central
Cascades and the North American Craton,
■ Central Cascades area
X Cretaceous paleomagnetic pole for the CentralCascades, Wash, with its oval of ninety-five 
percent confidence level,
^ Cretaceous paleomagnetic pole for cratonic North
America with its oval of ninety-five percent con­
fidence level,
^ Miocene paleomagnetic pole for the Central Cascades
v/ith its oval of ninety-five percent confidence
level.
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SUMMARY
It became apparent dttrir.fs the evaluation of the data, that the
ratio effectively distinguished those specimens with marginal
stability in the Snoqualmie batholith. Often these specimens could not
be separated from the stable samples by other quantitative stability
criteria. The removal of the specimens v/ith a ratio belov; ,190
Improved the precision of the data in both the site-mean pole auid the mean
site pole csilculations. Site 5, which appeared stable by other stability
criteria and reliable by statistical methods, was revealed as only margi­
nally stable by the Qd ratio. If the marginal stability of the specimens
at this site had not been determined, the Miocene pole obtained for the
Snoqualmie batholith would have been appreciably altered (Figure 5>, al­
though none of the conclusions derived from the position of the pole
would have changed. This example indicates that a site cannot be con­
sidered to give an accurate paleomagnetic direction on the basis of sta­
tistical data alone (Irving, 1964, p,102),
A paleomagnetic pole (15-18 m,y,) at 221,0°E, 84,5°N v/as obtained
from the Snoqualmie batholith. By combining this data v/ith that obtained
by Noson from the Grotto batholith (Beske et al,, 1972) a Miocene (25-
26.5 m,y,) paleomagnetic pole for the Central Cascades v/as obtained at
208,5°E, 85,5°N, The Miocene Central Cascade pole indicates no tectonic
rotation of the Central Cascades relative to the rest of North America
since the Miocene, It shows no indication of the post-Miocene rotation
proposed by V/atkins (1965b) for the Nevada tectonic zone, which suggests
that the angular deviation in his data from the Columbia River flows nay
be due to variations in the geomagnetic field (Reitman, 1966), The
Central Cascade pole for the Miocene, also, suggests that the postulated
movement of 30 degrees north for the Central Cascades relative to the
North American craton (Bock and Noson, 1972) ceased by the Miocene,
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Appendix 1, Site locations and sample descriptions
Site 1 Granodiorite in road cut south side of highway U.S. 10
3.5 miles west of Snoqualmie Pass, Near age dated site
(Curtis et al., 1961). Snoqualmie Pass 15 minute quad­
rangle, 121.46W, 47.39N.
9B033 = .702
Zoned plagioclase, olive green hornblende, brown biotite,
orthoclase, quartz, and minor opaques and chlorite with
accessory apatite and sphene. Subhedral plagioclase
grains show oscillatory zoning and are, in places, altered
to sericite. Both hornblende and biotite are found in
intimate association with the larger opaques and commonly
contain fine, needle-like opaques along cleavage traces.
9B0A0 = .031
The minereil assemblage is similar to 9B033 except for the
greater abundance of light green chlorite with concomitant
decrease in hornblende and biotite.
Site 2 Granodiorite in shallow road cut 600 feet south of railroad
underpass on road 2281, 2,8 miles from Curtis Forest Camp­
ground, Bandera 15 minute quadrangle, 121,52W, A7.38N.
1B037A = .102
Large sericized plagioclase phenocrysts with oscillatory
zoning surrounded by smaller grains of quartz, orthoclase,
chlorite, biotite (partially altered to chlorite) and
accessory opaques. There is a. notable absence of horn­
blende which has been altered to biotite (altered to
chlorite),
1B043 Q, = .085
Q,
Large phenocrysts of sericized plagioclase and brown, un­
altered biotite, surrounded by smaller crystals of quartz,
orthoclase, relict hronblende (altered to biotite and chlo­
rite) and minor opaques with accessory apatite.
Site 3 Diorite v/ith darker inclusions in Quarry 200 feet north of
junction of road 2445 with 2406, 14 miles from North Bend
on road 2406 which follows the Middle Fork of the Snoqual­
mie River. Mt. Si 15 minute quadrangle, 121.58W, 47.54N.
1B048A Qji = .078
Medium-grained diorite v/ith a more mafic fine grained in­
clusion, The main rock contains zoned sericized plagio­
clase laths, and relict hornblende (altered to biotite)
and minor opaques. The inclusion appears highly altered
with the plagioclase in places shov/ing a sieve texture
with Inclusions of a ferromagnesian minereil.
^ Forest Service roads were identified from the 1970 map of the Sno­
qualmie Forest obtainable from the U.S. Forest Service,
2 For more thorough petrological description of the separate phases
see Erikson (1968).
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Site 3 1B057 = 8.98
Plagioclase laths with interstitial hornblende and fibrous
actinolite, in places, forming an ophitic texture. Other
minerals include minor biotite. chlrotle, and opaques.
The ferromagnesium minerals contain minute opaques.
Site A Diorite in road cut 1.8 miles from U.S. 10 on road 2218A,
approximately 12 miles east of North Bend, Bandera 15
minute quadrangle, 121.57'<Y, 47.41N,
1B061B = .398
Fine grained diorite with plagioclase phenocrysts and
hornblende slightly altered to chlorite with minor apa­
tite, sphene and biotite. The opaques occur both as large
discrete grains and as minute grains within the plagio­
clase and hornblende.
lB-65 Qd = .159
Very fine grained (amphanitic) rock containing plagioclase,
biotite, hornblende and numerous opaques. There are relicts
of large plagioclase grains suggesting alteration from a
more coarse grained rock.
Site 5 Granodiorite in roadcut 500 feet before end of road 2522
approximately 7 miles south of U.S. 2 along East Fork Miller
River. Snoqualmie Lake minute quadrangle 121,39W, 47.60N
1B319 = .135
Mineral assemblage is similar to 9B033, except hornblende
is substantially altered to biotite and chlorite. The
opaques are large subhedral crystals with no smaller opaques
in evidence,
1B320 Qjj = .308
Mineral assemblage similar to 9B033 with small opaques
evident in the unaltered hornblende, Sericite is more
abundant in the plagioclase.
Site 6 Granodiorite in roadcut 1.2 miles south of crossing of East
Fork Miller River on road 2522, approximately 5.5 miles
south of U.S. 2, Skykomish l\ minute quadrangle, 121,36W,
47.36N.
1B324 = .405
Mineral assemblage similar to 9B033, Plagioclase contains
a Icirge amount of sericite in limited areas, and in places
has a molted appearance. Opaques occur as large individual
grains and as inclusions v/ithin the hornblende. Chlorite
is present, but is not abundant,
= ,340
that chlorite is more abundant.
1B328 Q
Similar to 1B324 except
I
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Site 7 Dacite porphory in roadcut on Money Creek Road (2601), 2,2
miles from junction with 2522 near U.S, Highway 2, Grotto
minute quadrangle, 121.48V/, 47.70N.
1B333A Qjj = unknown
Large subhedral phenocrysts of quartz and partially assimi­
lated plagioclase in a matrix of plagioclase and a ferro- 
magnesium mineral. Chlorite and biotite occur in clusters
throughout the rock. There are large irregular opaques,
some of which have red internal reflections. Iron oxide
stains in joints indicate weathering is prevalent.
Site 8 Granodiorite in Big Creek Streambed 1 mile west of the end
of Taylor River Road (2445). Snoqualmie 7-J minute quad­
rangle, 121.46W, 47.59N.
1B353 = .121
Mineral assemblage and size variation is similar to 1B043,
Chlorite is an abundant alteration product of biotite and
hornblende. Numerous opaques occurring in large irregular
grains,
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Appendix 3: Publication by Beske, S.J., M.E. Beck, Jr., and Linda Noson
in Trans. Am. Geophys. Union, 53, 356, 1972.
Paleomagnetic Evidence Bearing on the Plate Tectonic Evolution of
the West Central Cordillera. Paleomagnetic results are available from 4
widely spaced, magnetically stable sites from two Cretaceous batholiths
which intrude pre-Jurassic metamorphic rocks in the Central Cascades,
Washington and from 8 stable sites in nearby Miocene batholiths vjhich
intrude rocks as young as the Eocene. After alternating field cleaning,
the Cretaceous rocks yield a mean virtual geomagnetic pole located at
51.5°E, 68.5°N (=<=13.7; k=46.3). This position is 35-40° from the mean
Cretaceous pole calculated by Beck and Noson for cratonic North America.
The Cretaceous age of these nonfoliated equigranular granodiorites is
supported by K-Ar, Rb-Sr and fission track ages (84-90 m.y.) plus geolo­
gical evidence. Secular variation and block rotation appear minimal.
The Miocene sites, located in equally well-dated lithologically similar
rocks, give a mean pole position of 157.5°W, 81.5 N (o<=7.8; k=51.3),
which is statistically identical with other Miocene poles for North
oAmerica. This evidence suggests that Western Washington moved 30 
northward relative to the rest of North America during the Early Tertiary.
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Appendix 4, Sampling Procedures and Experimental Methods
Sampling sites were scattered over approximately 570 square kilo­
meters, Locations of the sampling sites are shov/n in Figure 1 (see text)
and described in Appendix 1, Sampling sites were chosen so as to give a
wide geographic distribution throughout the batholith. Accessibility
problems prevented sampling the eastern portion of the batholith. An
effort was made to choose deep man-made exposures in the belief that
these would yield relatively unweathered samples. Where this was not
done as at site 2 and 8, the specimens proved to be unstable. Site 2
was located in an extremely shallow roadcut and site 8 was drilled in a
creek bed.
Cores were drilled and oriented situ at each site with the
exception of site 7 v/here oriented hand samples were taken. The cores
were drilled with a gas powered chain saw which had been modified to pov/er
a diamond coring bit. This equipment is very similar to that described
by Doell and Cox (1967a), Cores were oriented with a brass tube which
could be fitted over the core situ. This device contains a platform
on which a compass could be leveled to take the azimuth of the length
of the core which is the horizontal projection of +z (Fig, 12), The dip
of the core is obtained by measurement with the compass clinometer, A
diagram of the orientation of the core in the field and the orientation
of the orthogonail axes on the core are shov/n in Figure 12, Note that,
by definition, the axis of the core is z (positive downv/ard), and y is
normal to z and lies in the horizontal plane.
Before the core was broken from the rock a copper wire v/as inserted
into a slot in the brass tube to maork the top of the core. This mark was
used as a guide to mark the x, y, and z directions on the specimen as
shown in Figure 12,
63
NFigure 12* Orientation of core sample. Redrawn 
from Doe 11 and Cox (19o7).
z axis
Susceptibility was measured by a commercial magnetic susceptibility
bridge, a Geophysics Specialties Company Model HS-3, which was calibrated
with the use of the U.S, Geological Survey susceptibility bridge at Menlo
Park. Susceptibility (X) is defined by the equation:
X = Ji
¥~
where is the intensity of the induced magnetism in a weadt field F
(usuadly ,45 oe). The magnetic susceptibility of each sample is listed
in Appendix 2.
The intensity and direction of NRM, the natural remanent magnetism,
were measured with the use of a spinner magnetometer made by the Schon- 
stedt Instrment Company, The specimen was measured twice in each of
the three orthogonal directions. This method was designed to minimize
systematic measurement error by measuring the component of magnetism
parallel to both negative and positive directions of each orthogonal
direction on both of the instrument pickup coils. This method is par­
ticularly valuable in that it reduces error induced by high magnetic
anisotropy. Magnetometers similar to the Schonstedt are described by
Doell and Cox (1961), and Phillips and Kuckes (1967),
During ac demagnetization the specimen is rotated in a three-axis
tumbler in a slowly decreasing magnetic field. The three axis tumbler
is constructed to rotate the specimen in as many directions as possible
to simulate random tumbling. The magnetic field is produced in a sole- 
noidal coil and controlled by an induction type voltage regulator which
lowers the field gradually from maximum to zero by means of a motor, A
complete description of this apparatus is given by Doell and Cox (1967),
In order to determine the intensity of the eilternating magnetic
field in which to clean a particular site, tv/o pilot specimens were chosen
from each site for magnetic cleaning twice at each successive level.
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Specimens were chosen that would best indicate the variability of the
magnetic coercivities at that site. One specimen was chosen with a
direction of magnetism representative of the majority of the specimens
from that particular site and another v;as chosen with a divergent direc­
tion. The levels for magnetic cleaning were increased by 50 oe tmtil 300
oe v/as reached, then the specimens were cleaned at 400,500, 750, and 1000
oe. The process was stopped if it became apparent that the specimen had
obtained large spurious components of magnetism from the demagnetizing
process. Presence of these spurious components were detected by (1) large
change in magnetic direction upon repeated cleaning at the same level,
(2) large and erratic intensity changes, and (3) random direction changes
of the magnetic moment between successive cleaning levels.
The optimum cleaning level for the entire site was chosen as the
level at which the pilot specimens had reached their stable end points,
defined as that direction at which the magnetic direction of the speci­
men did not change at successive cleaning levels. Ideally, this is the
point at which the viscous component of the magnetism has been removed
by magnetic cleaning and only the high coercivity component remains.
This, also, was usually the level at which the directions of the speci­
mens were most similar. If there was any doubt at what cleaning level
this occurred, a third and fourth specimen were cleaned. All of the
sites, except for site 7, were magnetically cleaned twice 150 and 200 oe,
so that the level with the least dispersion could be chosen for the pole
calculation. Any samples shov/ing strongly divergent directions v/ere mag­
netically cleaning at higher levels as a check for stability.
The ravf data from the spinner magnetometer consists of four in­
tensities in ea=h of the three orthogonal directions. These v/ere averaged,
and directions and intensities of the total magnetic moment v/ere computed
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by single geometric techniques, CaLLculations were checked by computer.
The declination and inclination measured and calculated as described
above, define the direction of the natural remauient magnetism, the NBM, in
the specimen, The_ mean direction for the site is calculated from the mag­
netic directions from all stable samples from the site by a method of
statistical analysis of positions on a sphere given by Fisher (1953),
Doell and Cox (1961) and Irving (1964, p, 53-71) discuss the applications
of this method for paleomagnetism, Fisher also describes a method to cal­
culate other statistical pairameters, such as an estimate of the dispersion
of sample directions, kappa (k), and a circle of 95 percent confidence
level around the site-mean directions, alpha ( •
Using the site-mean directions it is possible to cailculate a paleo- 
magnetic pole, which is best thought of as the position of the ancient
pole on a sphere relative to the present position and orientation of the
sampling locality. The mathematics for this calculation are outlined in
Doell and Cox (1961), A computer program based on formula given in Doell
and Cox (1961) was used to determine pole positions and confidence limits.
The process of calculating the poles from directions of magnetization
maps the circles of confidence into ovals, the dimensions (<Sp,J^) of which
depend on alpha and the direction from sampling locality to pole.
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